We demonstrate that the physics which resolves naturalness problems need not take the form of new particles and can sometimes manifest itself as higher dimensional operators. As a proof of principle, we present a simple model where the scale of new particles is parametrically separated from that estimated via naturalness arguments applied to self-quartic couplings. In this example, new particles appear far above the scale m/ √ λ, where m is the mass of the particle and λ is its self-quartic coupling. The shift symmetry responsible for resolving the naturalness problem involves higher dimensional operators rather than new particles.
The Electroweak Hierarchy problem is one of the driving forces in particle physics (see e.g. Ref.
[1] for a review of the current state of affairs). When the naturalness paradigm is applied to this problem, it is typically stated that new particles must appear by the TeV scale modulo accidental fine tunings. In this article, we provide an interesting proof of principle that the physics which resolves naturalness problems need not involve new particles.
Consider a complex scalar Φ which is charged under a Z N symmetry so that
The most general Lagrangian allowed by symmetries is
where we take all coefficients to be O(1) numbers. In the context of axions, this exact potential has been considered many times when discussing Planck suppressed corrections to the axion potential, see e.g. Ref. [2] . At the renormalizable level, there is an accidental U (1) symmetry. The leading-order operator that breaks this symmetry is shown above and is a higher-dimensional operator whose origin is unimportant. Later, we will give a simple example where fermions with a mass f can be integrated out to generate it. The radial mode is integrated out at an energy scale f . At low energies there is a pseudo-Goldstone boson with the potential
Expanding the potential, we see that the mass and quartic couplings of φ are
We will be concerned with an imaginary experimentalist who has discovered the pseudo-Goldstone boson and measured its mass and quartic coupling. Said person would apply the standard naturalness arguments and expect the scale of new particles to be
However, note that there are new particles, namely the radial mode, at f rather than f /N . Thus by taking N large, we have a proof of principle that the mass scale of new particles can be parametrically separated from where naturalness arguments typically expect them to be. If higher harmonics were generated instead, e.g. expectation would be that new particles are at the scale f / (N √ m) further separating the scale where new physics is expected and the scale at which it actually appears.
The reason why the IR experimentalist incorrectly estimated the scale of new physics is because measuring the renormalizable Lagrangian was not enough information in order to determine the symmetries of the theory. If the IR experimentalist proceeded to look for higher dimensional operators, he/she would eventually discover the higher dimensional operator
It is important to note that this operator becomes strongly coupled at a scale f so that it would be difficult to find experimentally. Upon measuring this operator, the experimentalist would note that this dimension six operator is algebraically related to the quartic coupling and mass terms and would suspect that there is a shift symmetry in the theory. The useful operators of the theory are not φ 2 , φ 4 and φ 6 but instead only a single operator in the theory has been discovered, cos N φ f . As the coefficient of this operator, 4 , goes to zero there is an enhanced full shift symmetry for φ. It is thus technically natural to set 4 small and there is no hierarchy/naturalness problem. The dimensionful scale associated with the symmetry, f /N , is independent of the scale of new particles and thus cannot be used to predict the appearance of said particles.
At this point, we give a quick demonstration of how the higher-dimensional operator in Eq. 2 can be generated. There are many ways to generate this operator, e.g. from theory space [3] or from discrete symmetries [4] . We will follow the discrete symmetry approach of adding to the theory a set of N vector-like fermions Ψ j and Ψ c j , which transform under a Z N symmetry as
with j = 0 and j = N identified. Writing down the most general renormalizable Lagrangian, we have
Taking m f > yf , we can integrate out the fermions Ψ, which generates the higher-dimensional operator of interest
) as well as some U (1) symmetry preserving operators. We now turn to the implications of this example for the naturalness argument. We have shown that the physics which resolves naturalness problems could take the form of higher dimensional operators rather than new particles. The natural question is to wonder if the solution to the Electroweak Hierarchy problem can also take the form of higher dimensional operators. Currently we do not know whether or not this is possible. However it is clear that the moral of the story is that if such a solution were to exist, that one would search for higher dimensional operators rather than new particles. Without an explicit example, it is not clear which higher dimensional operators to look for or what value to expect them to take (e.g. one might expect an operator of the form ∼ λ 2 HH † 3 /m 2 H ). The scale that suppresses these higher dimensional operators might be large, but one hopes that they are in reach of current experiments.
To conclude, we have demonstrated through an explicit counter-example that the solution to a naturalness problem need not involve new particles. While this example has nothing to say about gauge and Yukawa quadratic divergences or about the cosmological constant, it would be interesting if similar models could be constructed for these other couplings. This example suggests an interesting new approach to the naturalness paradigm. Perhaps new physics will appear in the form of higher dimensional operators rather than new particles.
